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Preface

It 1s the pwrpose of this thesis to describe several methods of
obtaining neutron flux-spectra information from foil data. These
methods, although presented in considerable detail, are not yet in
optimized forms It is hopad that this can be done in the near future.

‘Tt 13 well known that threshold and fission type foils are most
advantageously used to generate integral flux data. Since radiation
effects invustigators usually desire dose parameters rather than flux
parameters, a method of calculating the dose from integral flux data
is presented in Appendix A.

The author wishes to thank Dr. W. J. Price and Lt. Col. B. E.
Robertson for their helpful advice and consideration. The author is
greatly indebted to Lt.W. B. Burrus, Materials Laboratory, for his
many pertineni suggestions and comments. Dr. M. A, Edwards, Lt. T. A.
Br;.vwn, and their assoclates of the Computations Branch, Aeronautical
Research Laboratory, suzzested some of the mathematical techniques
and i‘.;‘udled ths programring of the digital computer. Mr. 8. 'A.
Sza:ilevicz, Materials Laboratory, gratiously made the necessary finan-
cial arrangements for the computer program. Without the ideas and
assistance of any of ths above mentioned people, this thesis would
not Lave been possidle. -

Paul M. Uthe, Jr.
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Abstract

Several analytical methods are described for obtaining neutron
fiux-spectra knowledgs from foil data, The response functions used
are the nuclear reac;tion characteristica of threshold, fast fission,
a~d resonance typea fails,

Twn previously used methods and two new methods are discussed,
The previously used methods are the Trice Method and the Cadmiunm
Difference Method, The Trice Msthod, applicable in the fast neutron
energy region, uses a 'sfep Zunction™ cross section representation,
The step function energy threshold is determined by assuming a differ-
ential flux function, The Cadmium Difference Method, applicable _1n
the 1/E energy regibn. uses the resonance activation integrals of
resonance type foils as cross section parameters, Although consid-
eration is given to these methods, major interest is focused on two
nev methods. These methods are called the Polygonal Method and the
Polynomial Method,

Ths Polygonal Method uses the cross sections in their true form
and represents the flux-energy spectrum by a combination of linear
functions of euergye In performing the necessary calculations, diffi-
culiy in selecting certain energy parameters 5:- exparienced,

The Polynomial Method uses the cross sections in their true

forx and represents the flux-energy spectrum by a welghting function
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timer a polynomial, The degres of the polynamial is one less than
the number of different foils used, A digital computer is conveniently
used for the required numericel calculations,
The result of several teat cases using the Polyncmial Method

indicates that considerable improvement over the Trice Mathod is
achieved,

vii
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ATTAINMERT OF NEUTRON FLUX-SPECTRA
FROM
FOIL ACTIVATIONS

I. Introduction

The purposs of this thesis is to describe several methods for

obtaining neutron-flux spectra* in high intensity reactors. Know-

Jedgs of the neutron flux environment is required for the effective

interpretation of the results obtained from radiation effects exper-

iments. The analysis methods described are designated ass

) W
B.
c.
D.

The Trice Method

The Cadmiwms Difference Method
The Polygonal Method

The Polynomial Method

These msthods are presented in Sections 3, 5, and 6 respectively.

The analysis methods are based upon the nuclear reaction charac-

teristics of three types of foils; (1) threshold, (2) fast fission,

and (3) resmnance. The word "foil" does not imply a physical charac-

teristic; i.e., a foil may be in powder, pellet, liquid or other

# In the remainder of this report, "spectra" signifies “energy spec-

tra.*-
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physical form. The word "radioactivant®, though not commonly used,
would bes more appropriate.

Major interest is focused on the threskold and fast-fission types
of foils. For ths sake of generalty, soms brief comments regarding
resonance type foils are .'mclpdod. It is believed, howsver, that the
calculational methods derived are sufficienily general so as to be
applicable to any detector system.

Of the many techniques that have been used to determine reactor
neutron spectra, the foil techniqus is the most often used. This is
so, not because the foll gives the most prec.ise information, but
becauss it has the greatest compatibility with the nuclear and phys-
jcal reactor characteristics. Three specific reasons for this general
acceptance are as follows: (1) cnly a few milligrams of foil are
needed in most cases; (2) the foil, with suitadbls cover, is the come
plete detector; and (3) all analysis is done in a convenient nuclear
comting room after irradiation. It is not surprising that the
radioactivant foil has achieved such populariiy in this era of lérgc
and complicated experimsnts.

On the other hand, the use of foils does introduce several come
plications. Extreme care must be taken in the processing of the
foils (both before and after irradiation). If this is not dome,
misleading results may be obtained. In the erd, the proper use of

foils reduces to an art rather than a science, for once the correct
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irradiation and counting data are recorded, spectral infarmation caa be
generated from the original data as better analytical m2thods becoms
available. In this study, analytical rethods will be emphasized. As
of this writing, the methods have not been subjected to a s00d test

or intercomparison; however, it is hoped that this can be done in the

near future.

R e e S
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II, Characteristics of Foils

General
Befors the analytical methods can be discussed, it is necessary

to discuss the auclear characteristics of certain tyras of foils,
This is necessary because the usefulness of the analysis methods is
direct}y dependent upon the neutrom reaction characteristics of
certain types of folls,

In general, vhen materials are irradizted in & neutron flux,
neutron induced transmutation of their nuclei may occur, 4s an
exanple, neutron-gamma (n,¥), neutron-proton (n,p), and neutron-
alrha (n,4) reactions occur in aluminum-27 when this material is
irradiated in a nuclear reactor. ZEach of these reactions leads to
a new and different isotope, each isotope being radiocactive, It is
the radicactive decay of the isotopes which is observed in the
counting room.

The reaction probabilities or crcss sections are functions of

e ——v——

e m — |
e o OB -

T T neutrox; enefgy. it‘-‘ is th_e u:msual nature of the reaction cross
sections of several materfials which is responsible for their use-
f ..res8 as neutron flux-spsctra detectors,
The number of particular transzm:tations occurring 1i: a unit
interval of time, per unit vclume of material, due to neutroms having

enerzies in the energy range dE about B is:
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RKE) ¢& = P(E) G(E) ¥ ax 'O
ED oz = $(x) q(x) as (2)

Where: R(E) dB = the number of transmutations per cc per sec
due to neutrons in the energy range 4%
about X.
55(5) = the differential neutron flux in neutrons
per cm? per sec per energy interval.
AG(e) = the probability of the ith type of transe
mutation occurring per unit distance of
travel of a neutron with energy E.
"N = the number of pertinent isotopic nucledi

per cc,

]

q;(e) the microscopic cross section for the ith
type of process in cmz. As mentioned
previously, the microscopic cross section
is usually expressed in units of darns,
T 77T TTT7As an illustration of how a particular type of cross section can
be used to obtain spectral information, the following example is
- presented: ' )
" Let the activation cross section be a finit‘:e cox;stant for all
L neutron energies grezter than E; and less than E; and zero. for all
other energies., A graphicai plot of this highly idealized cross

section is given in Fig, 1,
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Upon irradiation in an unknown flux,()(E), the total flux betwsea
El and Ep can be determined as the integral of the differential fluxe
This is shown by the followings

00 B,
Beaction Rate SR = N So ;(E) ¢(8) @& = NogSzl¢(x) a8

Solving for the total flux integrals

B
SK: §(2) & = y%

It is assumed tkat the result of the ith type of transmutation gives
an isotope whose quantity at any time can be determined, that the foil
did not perturb the flux, and that the flux is time independent. .
Threshold Tyre Foils

A graphical plot of the idealized threshold type cross section is
shown in Fig. 2.

From the calculus, & result similar to the one previously obtained

can be derived as shown belowks

— (00 -
A= Smc))(z) ¢y(E) a2 = qg 4)(3) da = q@zj) S - |
(4] BJ

It 1s seen that this type of foil will determine the total neutron
fluxx above Ej. If several folls are used which have differing 81'3,
it is possible to determine, in theory, the total flux between any two

thresholds. In this manner, a histogram type of spectra representation
. b .

# A =3 and will be called the ¥saturated activity™.
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can be generated by simple subtraction.

hfortunately, no materials exhibit such an idealized threshold.
Figwe 3 is a graphical presentation, with curve smoothing, of the
¢33 gsections of some of the commonly used threshold type foils. The
fast fission foils are included for they also are of this nature,
indeed even more so.

The variabilit.y and non-analytical behavior of these cross sectioma
are responsible for the difficulty in cbtaining good spectral infor-
mation from foil measurements.

Regonanze Type Foils

If the foil cross section shown in Fig. 1 were of such a width
in energy that ¢(E) could bs considered a constant in this range,

then by the. calculuss
00 —
As So ¢® gEE =5 $ep[s, 8] @

Where 4«"(31) = ({3(32) = a conrstant.
By this method, the differential flux at El can be obtained., If
several foils with narrow and separated reaction intervals (El to Ez)

were available, the differential flux at the pertinent energies c¢could

be obtained. Drawing a smooth curve through the plotted points would

yield a reasonable graph of the differential neutron flux (excluding
fine strv-~ture). If materials existed with these cross section char-
acteristics and if their reaction intervals were sufficiently separated

s0 that the total energy interval would be 1 ev to 10 Mev, then the



GNE-TI

7
H
H

Ba

T

:_:: et t—f—tl

s

3 :?§T+ :

nyr

P . w4
[ ERSEY B o

a«“m

igure 3

o
bs

Cross 3Sectlons of Actual Threshold Type Folls



GNE~9 10
problem of cbtaining a meutron flux-spectrum would be greatly reduced.
Unfortunately, this is not the case.

The resonance type foils that have been used in the past have
cross sections obeying, in general, the Briet-Wigner relationship.
Few of these cross sections have actually been measured directly, but
semtmquantitative <'alnes ean be calcalated by using the Briet-Wigner
formula with the measured energy widths, peak enargles, and/or maxi-
mm cross sections [_hxlS]. A simpler cross section parameter is
the empirically determined reéanance activation integral; however,
reliance on resonance integrals often leadsto misleading and inaccu-
rate results because of the difficulty in takding into account all
the necessary corrections. )

For a more complete discussion on the resonance problem, the

reader 1s invited to read Hughes' Pile Neutron Research. Suffice it

to say here that a real cross section problem exists in the resonance

region, that is, between 100 Kev and .025 ev.
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III. The Trize Msathod gd the Cadmiwum

Differencs Mathod

Introduction

Present evidence indicates that, in general, any reactor neutron
spectrum above the thermal energies may be divided into two parts.

One of these 'exist.s at energles greater than 1 Mev and has the general
charactesistics of a fission spscirum. The other, a result of neutrons
being "slowed-down® by elastic collisions, cccurs at energies below

1 Mev and has an approximate 1,2 behavior. Although these general
postulates are crude, they have been used with notable success,

For lack of a more appropriate name, the fast neutron technique
discussed in this section is called the *Trice Method®. Mr. J. B.
Trice, then of the Oak Ridge National Laboratory, originally instiucted
the author in the usefulness pf this method.

.‘I'he method used for t}m 1/B spectral region is commonly called
the "Cadziwm Difference Method™. '

The Trice Method

Threshold and fast fission type foils are used to determine the
flux-spectra in the fast neutron region (Mev region), for effective
threshclds of presently available materials range from approximately

0.7 to 8 Mev.
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The probability of finding a spectrum with the general character-
istics of a fission spectrum indicates a method by which the actual
fast-neutron cross sections can be transformed into idealized thres-
bold types. This is done by using the activation formula, Bq. (2),
to determine an effective threshold, E,.

The calculational techniques are as follows:

1. A valuve of an effectiva cross section is selected; this is
denoted as q-:’ » a constant. (The valwe of the cross sections near the
effective threshold are the most important because of the dacreass of
flux with energy.)

2. The activation Integral is equated to the simplified integral.

00 -(00
g o (e) Y(E)E = a'j d(e)a
) E
e
3 ¢ (E) is assumed to have the form of a fission spectrumt.
The following fepresentations Liave been proposeds
¢(E) A e sinbVZZ (Watt)(5) [13s -] or,
4)(8) L e‘E/'%S sinh /2,292 (lniv. of "California®)
‘ | (6) [1:662-¢70]
Lbe Using the tabulated c}m valwes, the activation integral is
numerically integrated.
S. The value of the simplified integral is found.

00 1 00
Sﬂe $ee)aE St So a(e) (e)dE

% These functions, normalized to urit area, are tabulated iz Appendix
C.
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6. E, is determined from the (#)(E) tabulation. In this mammer,

the true cross section 1s replaced by a step function, the threshold

energy being determined by the expected speztral form, the fission

spectrum,.

As an example, a calculation is made of the P3! (n, p) 5131
effective threshold.
00
.So‘ G (E) (‘)(B)dE < 23.65 (wing California spectra)
G =80 mb
B S?O dE)E = 296
‘e
from ¢(E) tabulation, E, = 2.5 Mev.
Figure i shows the transformation mads in the Pn (n, p) S§,31
cross section by this method. -
A list of the effective thresholdr and satwration cross sections
for several materials are listed in Table 1.
In an actual experiment, the foils are not usually irradiated teo
saturation and are not counted immediatsly after irradiation. The

following formula, derived in the standard ranner, gives the approxi-

mate valwe of the integral flux from the experimentally determined

activitys
© AT
S e t
} . o E (7)
@(El) e S‘ ¢(E) JE - Na '3'. ,‘C‘Jt 6
]
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WYhere: S = activity at T time after irradiation in dis/sece.mg.

microscopic cross sectiom in cm2,

o
1]

= atams/mg of pure isotope present,

> &
N

§(E¢) = ST}S[E)JE. the total neutron flux above the
e::rgy Eq--=the integral flux,
Sb(F) = differential neutron flux, see Eqe (2)e
T = time after irradiation,

t irradiation time.

€ = counter efficiency

By using several different folls, it is possible to make a plot
of the integral flux versus energy. If the curve drawn through the
experimentally determ:.lned points dces aot approximate a fission
spectrum, the validity of the spectral knowledge gained is uncertain,.
Another defect is that the true cross sections are not most advanta.
geously used when they are transfcrmed to a step function.

An investigation has been made as to the degree to which this
method will predict the correct aspectrum in the absence of a fission
spectrum. The numerical results of this test are shown in Fig, 5 and
6. The spectra assumed were as followss

«0715 per Mev for E less than 14§ Mev,

bt
[ ]

G-
Can
t=
e
(1]

0 for E greater than 14 Mev, (8)

©-
~—~
tn
ot
1]

«38 per Mev for E :reater than 0 Mavy and less

N
.
-
o~
=y
A
]

than 1 Mav,

= decay constant of transxutation product or .693/'1‘,,“
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Terle I
Table of (o,p). {(ne4), and (n, £) Threshold

Rezctions
Reaction E, « Half Life

(Hev) (varns) of Produst
P31 (np) 5131 2.5 0758 2.62 1
s3 (op) P32 2.9 -300(0) 4.3 4
127 (np) Mo ?7 5.3 .080(a) 9.8 m
N158 (np) coS8 5.0 1.23 () 2 a
5128 top) 117 6.1 190 23 n
mg, 2 (np) Na2h 6.3 Lou8(e)” 15.0 b
4127 (po) Na2t 8.6 +10(®) 15.0 b
8237 (af) B 1.52 (=)
0238 (ur) 1.%5 .54 @ See Text
27 (nf) 1.75 a5 @
(a) Ref. 3, page 105.
(b) Ref. 3, page 108, and Ref. 7, page 106,
(¢) Ref. 2, page 29.
(a) Ref. 9, page 248. ENL-325 value at 14 Mev used for normalizations
(e) Ref. 12, page 343. ENL-325 value used for normalization. )
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4) {(B) = .38/B per Mev fcr E greater than 1 Mev and lese

than 1 Msv.
a'ls’ (E) = 0 for E greater than 1} Mev. (1
3. & (E) = .9202(14-E) per Mev for E less thar i Ksr.
q-S (E) = 0 for E greater than 34 Mev. (10)
be b (5) = Ske'E/ 95 sV 2,25 per Mew for an E

(California fission spectrum).

In view of the errors encountered in making any foll measuremert,
it is apparent that the Trice Methods give reascnable resulta (+= 52%)
even when the actual spectrum differs vastly from the flssion spectrums
By making a correct assumptisn regarding t.ha true spsctrum, it 1=, of
cowrss, possible "c'o calculate the thresholds in such a manner as te
get correct results; however, the labor involved in doing this would
not be insignificant,

In a thermal reactor, a spactrum having a chape combining a
fission and & _;'_ spectrum i3 anticipateds Fer this type of situatics,
it appears thgt the Trice Msthod would give cuite acceptable resulis.

As an ﬂ.lustra'c.ion of an actual reactor-xueaauremnt, Fig. 7 1s a
Flot of a portion of the results cbitained at theo Materials Testing
Reactor in 1954. The prediction of this data is that the spectrue
measuced is very close to a pure fission spectrum.

The fission rate (equivalent to saturated astivity) of faste
fission folls can be found by extrapslating from the fissicn przduct

decay curve E6:153-156J » °F by using a fast-neutron firsion chambe-,
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In neutron fluxes above -2 reutr/zml.sec, snly the first techniqus is
presently suitabls [10:'.6:' o Go S. Hurst has found that ths firsicn pre-
duct gamma decay rate (g-eatsr than 1 Mev) is essentialiy tts same f:or
plutonium=-239, neptunim-237, and vranlum-238, and is apparernily inde-
pendent of neutron energze The datails of this enalysis ars rpot pre-

sented here, but can be £zund in Ref. § and 6.

,Ek_x_e_ Cadmiwm Difference Method

The Cadmium Differernze Mathod utilizes the resonance activation
integral of resonance tyr2 foils to achleve spectral kncwledgs in the
1/E region. The predominzts rsasen for this is that the resonancs
integral is better krowa than the trus cross secticr. The discessicn
is restricted to materials having resonances at energles greater thin
100 ev. The rescrance stscrptizn by cadmium and ths shaps of the
cadmium transmission curve are nct irportant above this energy.

00
Resonanse integral = ( > 4B,. (i)
vaohov /8
It is assured that <10 inch cadnium covers are used, a= 1sotropic
flux distribution exists, and tke maierial 1s present in auch small
quantities s5 as not to perturdb the flux In the -esonanze reglon.

For a pwe 1/v actization in a GE/E type of flux; the thermal

cross section (2200 m/sez) 4s two times the activation 4ntegral.
This is shown bty the follzwings

¢ = .%./:ross sectien 2 .—li— where K i3 a constante

L £
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Oite o _f&_—/‘/f £, _ ! / 015 2
S“c' JE/E § KGF/E’,',_ Z/W .
W e (12)

The total epi-cadmium a:izvation is proportioral to

/ -
S"J,‘ df/i-' rrresc /f (-2 4
(13)

S Ses de/r
4 - - t£sonarce activation

2/v astivaticn
SQ/‘P’JE/E YR ...ra.- ) (ll-l)

When the feil &3 irradiated wirtewut cadatua (tare), the 4ctal

activaticn 13 given bty the folicwicgs

= Oy, tr.*sf.}l T (15)

Wheres Ay, = the zaturatzd zotivity without cadmium.
f;) th = the thar=el reutren flux ~-= the tolal thav-
mal reutsor deniity times 2.2 x 10° cr/sec.
€74y = the 2200 x/zec ac‘ivati.an croas secsiaz,
4z E';(E), a ¢cnatant.
& 2 <he actizatica cvces sestlion as a function
ot energy.
Bl < the ‘.n%:gj‘ &% whish %the rescnanzs Z_ux juire

tha thermil fliux.
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The lower 1imit of the abcve i-tegral is tzkex as 21, for 42 an
actual activation soms reutrens are sbssrted in slowing dewm frex of
ev to thermal. The ¢nexgy; El, for whizh the d%/B and the Maxwell
distributions are equsl i a graphite m:derated, =:ionm temperatars
reactor is approximately .24 ev. The fcllowing calculation ird’izates

the importanzs c¢Z this segion for a pure 1/v £04l.

' o 4
: .24 124 .

The total activation c¢f the £ciX Zrradiated wish a 0190 inck

cadmium cover in an Zszirzpiz 1/E flux is as foilswas

00 o .
fcq ¢,S ha-_c‘EE_ (i1

Irradiated without zadmium; <he total &ztivation is as f2'-wus

e
s Ji ¢de
Aezd’m%"}ogf‘i?‘ * ¢aj4“é‘

(2~

+ b S4C‘JE’/,_:'

1
o
-y
ot
-(,.
D
o
')
2
*

(18)

The cadmium ratiz. TR, is givsa ©ty the f21ilowings
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; CR = AB/AC‘-' = | + Q"p,.:':,, "7»4',".1; (19}

CR-1 = (bt 2d) (20)
! 4’»54 ode/e

Now, (ﬁo is usuvally much less than {..‘,”1 (é,,-,' !'f;aﬁ joo )3 there-

fore, the +12 ¢, 7 .00 93* and can bs neglected.

G;"n ¢‘k
@ CR-1 = - (2;
! ¢, § ¢ de/e 2
o
Rearranging,
¢ = .&_é%.__ (22)
°  (cr-1) 54 el
But,
o o0
Sﬂ“df/s = (H-L)g?-, defy = (';“ Tl
T, o
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So, :
q)o: 2%1 (23

X
The usual practice in making a measwement im the /B regioc is

to determins the thermal flux by cobalt, g:id, o> indium irradiaticr.

The cadmium ratio cf ceveral of the dzts:tors Iisted in Table 2 is

then determined by irradiation arnd counting. If the specirum is indsad

the 1/E type, ths Cf»: determined f'or eash rescrnance detestsr should bs

the sames The differential flux is then given to be the foilowings

d)(s) = ¢s /2 (over the range of enerzy dstermined
by the detectors.) (24)
If the é;'a are not approximately the same, little can be said
about the spestrum.
In all such measu:‘emenis, care should be taken to insure that
the correct cadmium thizkresses are vsed (15 the above exampls .00
inches), and that the resonance dstsctors used do not apprecisbly
perturb the flux. In additioz, it is not usually advisable to irradi-
ates bare and cadmium covered foils in the same location at the gsams
time,

Discussion 5n_g Conciusizns

By combining the results cbtained bty threstold and resonancs type
foils, a crude pizture of the reutroa flux-spectrum of a reastor can

many times be obtaired. A /P extrapolation fr:m 9100 ev 4o the point
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at which it meets the threshold fcil curve is usually mads; however,
this does not imply measured results in this region. At the low energy
end of the spectrum, the spectrum is assumed to be 1/E down to El.

Tabla 3

Table of Rescnance Parameters

l

- Reaction " Resonance - Half Life
I(n,r)x‘l Ene'rgy (ev) ‘£" . '43 of Produst
Cobalt-59 120 2.0 —— S.3y
Manganese-55 260 1.0 *1.33 2,61

. Copper-63 . 570 1.3 ) «933 12.8 b

Sodium-23 179 -« 0 .238 15. h
Chlorine-37 1800 -~ 0 ' 079 8. n
Vanadium-50 3000 0 13 3.4 n
Aluminum-27 9100 '.68 .159 2.3m

'8 calﬂulated from data presented in Referenca 8.
bt

x;,s obmned from Raferercs 10.
¢ 2.27 % th Using ~~.020 in. cadmium
(CR-1)(1 +&£)- ° (.5 ev cutof?)
- 1'1‘3'#1:}1 Experimentally determined using
(cn-1)(1+’«41) 010" cadrdum.
The J.'s 1isted above shzuld not be used until shezked in Imown
1/8 spectrum.
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IV. The Role of Orthogonality

Introduction

In the following secticns, several flux-spectira analysis methods
are discussed which require a minimum of spectiral assumptions and
which use the activation cross sections of foils in their true fozm,
That is, no approximaticns regarding step functions are mads. Bsfors
progressing with a discugsion of these methods in detail, 4t is best
to discuss them in a general manpner.

The general preccedure has been to express the activaticns as a
linear combination of terms which depsnd upon some parameter describing
the spectrum. The number cf the equatlions 1s eqnai. to the number of
foils used.

A general requirement in the soluticn of systems of equations is
that the equations themselves be indepsident. Since any analytical
method of obtaining. flux-spectra information from foils will be depen-
dent upon the foil cre¢ss sections, 1t is cbvious that these functicns
must not be too similar.

Two functions are said to be orilogonal if
oo o
S X, () X,(E)® = ¢ (25)
0 v

(E) are the furctions.

Where, X;(E) and IJ
. [ L }
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As a definitiun, Ii(E) is said to bs "independent® of IJ(B) it
the above integral is trus.

00 . 1
Ir X, 12)x 2(E)E = 0, X,*(E) and X 1(E) are said to be
o % J i J

"dependent®. The functions X! have been ncrralized so thats

00
1(2)12 a8 w1
(e

When the value of the orthogonality integral is between O and 1,
the functions are said to be partially "dependent®, the degrse of
®dependency® hinging on the magnituds. (The orthogonal.ity integral,
as used here, i3 really the inner product of two normalized vector
functions in Hilbert spaze === the magnitude being the cosine of the

apparent angle between the functions.)
Threshold _‘112 Foils

In practical cases, the cross sections of the threshold and fast

fission materials are not orthogcnal. That is,
00
oz} FE)E Ko : (26)
o 4

As a simple iIlustrative exarrls of what can occur in solving
nearly dependent equations, the folilcwing is presenteds
Let two hypothetical parameters, X and Y, be represented by the
following equationss
WX 4+ 2r=25 =24
9X 4~ 2Y 220 2B
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The solution 133 X # it
Y=8
Now, let thsre be a four per cent error in A. Then,
X + 2Y =23
X4+ 2Y=20
The solution is: X = 3
Y=-3.5

This result shows that an error ¢f less than S% in A will change
the calenlated vaiue of Y by more than S0%.

Iet it be assumed Lor a moment that X and T are spectral paremsters,
and A and B are foil activations. Then the soefficients of X and Y
must be related to the activation cross sections, for the cross sesticns
are the connecting "links® between flux and activation. Now an exper-
imental activatica error of 5% is sertainly not unreasonable; howeve:,
this errcr would generate an error of cver SC% in ons of the calsu-
lated spectral parameters. The reason for this is that the coeffi-
cients are nearly rropcrtional; the system cf equations is said to be
"poorly conditioned®,

The preceding discussion impiies thzt difficulty may be experienced
in accurately datermining spestral parameters from any system of
equatioiw in which two or more cross sections are quiie “dependeni®.

As a useful techniqus in reducing this problem, use is made of

the following identity*s

# See Appendix D for derivation,
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00 0,
CRWCCECE R (27)

00 .
Where, §(E) s SE (':,(E)ds' (the integral flux).

Since threshold detector crcss sections increase rapidly rear
their thresholds, .Aé‘_ i1s largest in the threshold region and quits
small elsewhers (ses Fig. 3). Using the alternative activation
representation, 1t may be possible to solve a system of equations for
§ with less error even though the cross sections are *dependent®, for
the derivatives of the cross sections may be quites ®independent?®,

Since threshold type foils are used in the fission spectrum region,
and the flux {either integral or differential) decreases rapidly in

this region, it is convenient to introduce the following relationships

? - @F.s. (P’ [

-

Whers, <

Py 3

the integral fission spectrum function.
the ratio of the true integral spectrum

3
to the integral fission spectrum. This
rm is fairly constant in energy.
a’-

f S the trus integral spectrum.

Now, the activation equaticn can be written as the following:

00
1= 878, 2 (29)
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1
Sinzs § is fairly ccnstant in energy, a sst of threshold type
foils can be considered as "independent® if ¢

2 b
S P, G5 =0 (30
(o]

F.5. ;E JdE

for a1 o, # § detectora.
The above equation defines srihogcrality of the cross sectionm
derivatives with respect to the paramter %r 2 .
- F

.sl
Resonance Type Foils

As previously dis=cussed; the cross sections of resonance type
foils are characterized by resonance peaks superimposed on a 1/v dis- .
tribution. Since the resonance paaks cf the detectors are éener&'.ly
naﬁow and separated in ensrgy, it might be suppesed that the cross
sections are orthogonai. Unfortunately, this is trus only if the l/¥
portion can be elim‘nated frcm the cverall activation. If ths »f LE
Eq. (1), of several foils are much greater than unity, the i/v asti-
vation can be neglected; 1Z the c{'s are less than unity, the major
contribution to the astivaticr is due to the 1/v cross sectior. Since
most presently used foills have significant 1/v cross secticns and amall

A s, they are highly "dependent". Sirce tte integrals of the alter-
nating cross sectiornal derivatives are reasly z+rc, they are not sujt-
able for making integral spectrum measwrements; however, they are
suited for making integrel spectrim measurements if '{.is lazge.

(4
One practical solution to this L problem is discussed in Appendix E.
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Since at this writing, there is a lazk of good resonance cross
section data, the usefulress of any analytical method utilizing tzus
cr2ss sections 1s sorewhal azademi:z. If and when such croas sections
become available, the zesonance typ2 foil may Lecoms a very useful
device for measuring the differential spectrum in the epithermal exnargy

region,
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V. The Polygonal ":thod

Basic Philosophy

The basic postulate of this method is that true spectrum para-
meters can be represented by a linear interpolation between a fixed
nurber of empirically determined spectrum valwes. Figure 8is s
graphical representation in energy space of this postulate. In this
case the éé's are taken as the quantities to be determined by acti-
vation and calcilation.

Since the trus spectrum is probably a smooth curve, a certain
amount of_error should bte expected from such a representation in energy
space. By.transforming the energy variable into a more appropriate
variable, it should be pcssible to greétly reducs this error. Soms
possible transformations are discussed lateg in this section.

With five wnknown é's, ag indicated in Fig. 8, five different
foils with independent cross sections would be required for their
determination (five unimowns —-- five independent equations).

Application to Thresheld Type Foils

General Equations in Energy Space. As discussed previously,

threshold type foils are most suited for integral spectral mesasurements
in the Kev region (plutonium=-239 i3 an exception to this rule). The
following equations describe the polygcnal method in the simplest

mathematical sense; that i1s, all correction factors, counter geormetries,

\»
)
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nuclear densities, etc., are assumed to be in:cluded in the saturated
activity terms (Ai). For reasons of convergenze and convenienze, the -
spectrum is assumed to be exponentially decreasing above Ey. The
energy valuve EN corresponds to the highest energy spectral parameter
(the energy corresponding to the ‘}5 vaive in Fig. 8).

The General Activation Equation is as followss

ey
o

Where: A} = saturated activity of ith foil.

differential fiux at energy El.

L
u

differential fiux at energy E 5

activation cross section of _gth foil.

i

%
"
‘;’,.- differential flux a% energy !n.
N = purber of different £3ils used.
For N foils, there will exist X ‘equations of the above type. By
algebraic manipulatisn, these equations are transfcrmed into the

followings

L &

»
e
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(32)

S € Gle) de

GNE-9
A= cyd, + czzd’z t C,,éa koo cw‘obﬂ
.
Ai= Cud + Cady 4 C3dy e oo Gy
Ay = Cuid, + Cua 4’.1 * "& k ”"’J’V
Wheres
€, = ES 0; (&) defe +(H—-—-—)S o le)de -1
a~<4e
’H ‘;
C‘-Jr- (:+' )S le) dF - Ei-s o; te) dF
Jﬂ E; E;"E,'.‘ f;_.
' € Eier
+5'TE S € Gsids - _! S E Cile)dE
3" 55 E_ Eiu"t)' £
For .
d=2,3,4, 400 44
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In matrix symbolisms
W = © (§)
Solving far $ s
(35)

($) =@ w
Since threshold detectors are most suitable for determining inte-

o -

(34)

gral flux, S}’ (), the inverse(C)matrix should be multiplied by the

integral matrix, (I). '
P =@ )= @2 w
For this particular poiygonal method, the (I) matrix is the

(36)

followings
( / d‘ F‘/l 0,514- 4153 e o ® A”_'E” + I‘ay
KX ' 2
—_ 26/, oo WaEvy 19
2
(I) : L J . [ [ ] ' L 4
PY L] [ [
*® L4 r -
\\ — —_— — /-39
: . (37)
Note that all elements to the left of the diagonal are zero.

The construction of the integration matrix is based upon the follcwings

-
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8= ( pere = [Sibae, +|hid]on,
+ [fg_;é‘/] AzEy & o> [‘{’:’-lz" é;] <; , E; +

« oo 139 ¢y (38)

Where: /) 341 EJ = BJ £y

The last term 1is 1.39ci!> y» for S :0 o= T2(E-BN) & = 1.9
N .

In summary, the following procedure is indicated for obtaining
integral spectrum information by this methods: c

l. Several foil materials whose cross sectional derivatives are
q{11te independent ars selected.

2. (C) 1s computed by "hand". A set of EJ"s are selected for ths’
integral limits; each is selected from the energy region in which the
Aith cross section is varying between ifs minimum and saturated valuwee

(The E,'s selected by using the pciynomial method described in the

J
next section may be the best.)

3. (C)'l 18 computed by an electronic computer,
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4 The (I) (€)= matrix is computed for the E's used in the (C)
calculation., An electronic computer is mcst conveniently used for this.
5. Upon completion of the nuclear measurement, (I) (c)“l is
multiplied by the empirically determined Ai's (a simple ®hani® calcu-
lation),

-~

6. The result of step 5 yields tha gig ‘s,

7. If the (I) €)Y matrix s poorly conditioned, a new set of
Ej'a ars selected and the calculation is repeated,

The Definjtion of Gay, Happy, and Sad., As mentioned previously,
a spectrum having a form similar to ti:e fission spectrum is expected
to be found in the Mev region. This fission spectrum function is a
rapidly decreasing function in energy; hence, the integral flux above
8 Mev 43 much less than that above 2. Since the polygonal method, in
energy space, is based on a linear extrepolation between energy values,
the arror involwed in approximating the true spectrum may be signifi-
cant, The error involved is the integration error which results from
approximating a continuously varying spectrum by chords (see Fig. 8).
It is beiieved that better results may be obtained if a new function
is genmerated that will give a linear formulation with regard to the
fission Spectrum.'for the fission spectrum is a first apprcximation
to a reactor generated fast neutron spectrum., If correctly determined,
this new function would serve the saue purpose in the Mev region as
does lethargy in the 1/E region. Like lethargy flux in the 1/E region,

the differential flux with respect to the new function would be a
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constant in the Mev region, (The differential flux in energy would be
sharply decreasing with increasing energy.)

It has been shown that the following is a fair approximation of

the uraniun-235 fission spectrums
é () = CYVE o-TT5E (39)[_}:662_]
where C is a constant.

The new function, called "gay®, is defined so thats

4’ (g) = a constant for a purs fission spectrum, where g = gay.

The derivation of gay is as follows:
Pleyde = CrE e “de = Ptg) dy

¢(g) = CVE C-'WSE dE/dg = Conslant = C,

E,
-~ TISE

= (-4
dg=C1VT:‘~C'"rEdE g-.czgy"g'c de
(-4

let y= 175 £ dy = 715 oE

JISE,

- G 1/ Y g
g IS s © O{Y

]
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TISE,
g = ¢ Yy ¢ dy
o
let u?=y Zude = of
Sos ‘0773'?0
g= G S 2ute du
o
By partss 4:775!—‘0 Viars Eo
- u®
g= C;|-ue + e du (40)

o )
Thae first term of the above equation can be evaluated directly;

the integral can be evaluated by using tables of the standard error

integral,
The constant, C5, 13 arranged so that gp,y is 1,0 --- tbis corres-

ponds to an infinite energy. By nuzerical evaluation, 03 has been

PSSR
- - - e e e

calculated to be equal fo”lfff ”g‘igu.re 9 13 a plot :')f_gay versus
energye.

The relationship between é(g) and 4 (E) is, by definition,
the followings

#(®)

He 3= B(@) VE o TDE

)
’g}(g) * Fission Spectrum (4n)
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Low, at any gay, the differential flux can be found by multiplying
¢‘ (EY in the fission spectra tabulation (Appendix C) by the appropri-
ate value of ¢ (g)e

For reasons of presentation clarity, ¢ (2) is called the "sad®
flux; S ; c;)(g) dg is called the "happy® flux. A reason for these
pames is that the integral of a poorly ®behaved® function i3 better
'bekaved® ; hence, "happy® is better ®"behaved® than is "sad®,

Genera) Equations in Gay Space. With the exception of the last
tem, the polygonal equations in gay space are identical in form to
those in energy space. The _Ai's. which must have the same numerical

value as before, are as followss

g, &
Ai = S —?4. g+ [_4’ t o (¢ -¢,11 Gy <g
g

[ -]

Q‘ S‘ O‘(g) dg _ ' (42

e — e ——————— ._..__,,...

Note that the Nth term is of differeat fomm,

Except for the c-w coefficients, the general coefficients are

idectical in form to those used in energy space,

The Nth coefficient is as followss .
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, S p <y
Cin = T Dot ‘S:g g g 4 - Z%—S_Tv——: g G () g

N~ Nl

+ gg Gl 9 (43)

The general procedure for utilizirg this method is the same as
that used 4in enersy space. Once the happy flux is computed, the enezgy
flux can be found by multiplying happy by the appropriate value in the
fission spectrum tabulation, ' _

Pigcussjgn a=3 Coprlusjons, The determination of the proper E j"s
or gj's is probably the greatest problem encountered in using the poly-
gonal method. C2lculations using hypothetical cross sections have been
made in the atterpt to find some general selection criterion whish
vould not imvolve rumerical iteration procedures, The results of these
calculations have not been successful; however, the energy parameters
(E j's) found to t2 suitable for the method described in the next section
(the Polynomial Msthod) may be the correct ones to use, It is hoped
that this can be izvestigated in the near future,

If cross sections existed which were cf the idealized threshold
type, then the proper Ej’s or gi's would be at the rles;:ective thres.-
holds. On the ot:er hand, in this pleasant situation the Trice Method

would give equally accurate results,
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Application to Resopance Type Foils

Vhereas gay was believed to have general usefulness in the fission
specira region, it is believed that the best general function to de
used in )/E region is lethargy, L .

4t = nin (44)

where E, is soxe arbitrarily.selected high energy.

In a pure 1/E flux, cb (4.) is a constant and is related to &}:&)
by the followings -

(L) 2 24(®) (45

The generas equations and coefficients of the polygonal method
as applied to the 1/E rezion are of the same form as those used in the
fission spectrum region, Wken used in the 1/E region, lethargy replaces
g3y, and the top limit of the last integral becomes zero if trhe calcu~
lation is taken to the Ey of lethargy, It would probably be convenient
it Bo were selected as 1 Mev and the resonance region assumed to end
at this epergy. (In most cases, very little error would result in
doing this,)

If tie limits are taken in ascending order of energy, ths 4,°s
cr all the intezrals should be multiplied by & negative sign. Tho
reason for this is that letkargy decreases as energy increases,

Sinze the vesonante tyro feoils are most applicadle for tie deter.
mination of differential flux, the integral matri;.uould nct te used,
Tce correct ui's stould be more easily determined tlan in the thresholad

detector situation, for the resonance c¢ross sectioas are quite sharply
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peaked, If the c{ i's are large, the ui's should be the lethargiss
corresponding to the maximuwe cross section values; if the 4{ 4's are
small, the ui's will be somewhat different.

The polygonal method iz nmot preserntly suitable for use in the
resonance region because of the lack of data regarding the true cross
sectiona of suitable materials, However, it is hoped that a test
calculation invplving hypothetical cross sections can be made in the
near future, The results of this calculation should give an indication
of the validity of the polygcral method when applied to the 1/E spectral

region,
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VI. The Polynomial Method

Basic Ehilosophy
The basic¢ postulate of the pclynomial method is that the differ-
ential flux can be represented by a polynomial, the degree of wkich is
one less than the number of detectors used., It is well known that any
function can be represented by an infinite series; however, when this
series is reduced to a polynomial, large errors can occur in the repre-
septation. In order that representation errors be reduced, the infinite
series must be rapidly converging over the interva;l. If this ia ‘the
case, the first few terms of the series will be sufficieat fo:.r fairly
accurate representation of the true fungtion.
Application o Threshold Type Foilg .
Gege;;_g], Esuations in Epersy Space. The assumption is made that

the following expansion is possiblet*:

b = 4o [0 roue ¢ et e ane™]

T — -

* If one of the foils (such as plutonium) has an appreciable cross
section in the region of 1/E spectial dominance, the following
equation should be used in place of Eq., {46)s ‘

GE) = /e ¥ Sle)][a, + a5 +aye> v na, 7] (464

The rapreséntation of Eq. (46) is not satisfactory because the
fission spectrum decreases at low energies whereas the 1/E spectrnum
increases.

47
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Where: N is the number of different dstectors used,
‘$,(E) 13 the mormalized fission spectrum.

The activities, Ai's. are written as follows:

© o

/’z = S ¢(E) ¢i(c) de = S 4’,("’[% + e €+ ] 6; () dE
o ° 471
Expandings

©

o
/1" = 4, So 550(6) Gle) ds + a,,S ¢ ) E ale) de  +
o

@D
2, So $Le) € SyEIdE + c0- (49)

In crder that a digital computer can easily handle the required
calculation, the following change in the ejuatiocns is mades
(1) X is substituted for E/10.

00 .
(2) - ¢°(E) 46 is s-t egul tec Zero --- dit dpprovimaticn. -
W Mev

Now, A4 becomes the followings

/l‘/ I,(/ .
A; = a‘,f ¢ ) Gy df + a,g ¢o(x) X azcr) dx ¢ ¢
° o (49)
where- '¢(1_) 10 ¢° (E) .

© N2
and 4)(1) S ¢C(X)(8013'X 03212 ' B a;;..]_x ]
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For H foils, each with relatively "independent® cross sectional
derivatives, the followinz matrix equation can be generatodi
(1) = (c) (a) . (s0)

Where (C) is the matrix of the calculated integrals; that is:

Iy
C, S ¢V @ (xy dy

9
C.,: g X ¢.(x) 7 (x) dx

.
Ci; - S x’" ¢t e dx

Solving tze matrix equation for (a)s
@z etw (51
Deterxining the a j's by this method, ‘¢ (X), and therefore 4) (E),
can be t:recretically found for any E or X.
Recalling that threshold type detectors. are best suited for inte-

gral measurements, the following technique should be used:

Lets ($ (1)2 = (1) (a) (52)



GNE-9 50

where (I) is the integral matrix depending upon X,

Nows |

M @ =@ @ w = (P w) (53)

The determination of which energy values to use in the integration
is done as follawss

1, Several X values are selected and thc following integration
vector is computed for each X. (T:tis integration vector is one row of
the integration matrix.) The X values are sele;ted from the effective

threshold energy regions,

’y 9 tef
= 'l
(J) = ( g ¢, (x) dx S QO xdt e ¢, &) x dx)
. x‘ X' x‘ (S")
Ubon campletion of the above computation, each integration vestor
(3) s multiplied by (€)1 to form (3) (c)-1.
A For one particular X, the resulting vector will most closely

approach one of the following formss

L. (k. w Wy o0 WM )
2 (wm, «

(k)
where the Ky of each vector is maximized with respect to the

m.‘j 's .
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Form 1 is approxizated when X values corresponding to the first
(Al) detector are used; Form 2 is approximated when X values correse
ponding to the second detector (Az) are used, etc,
By this procedure, one determines the I-:‘1 vwhich leads to the best
vector, The best vector is the vector which gives the minimum error
for an error in the ectivation, These vectors are then used to genere

ate a square matrix, t:e ideal form of such a matrix being the followings

K, — - — =

— k —_— . —

(k)

T
!
|
X
|
|

LN ove ss@ cow —

o - - —  ky (55)
Taking the product of this matrix and the A, matrix gives N values
for § (X). In this macner, it i3 believed that the best integral

flux information is geaoerated,

(3 w) = w

(s¢)
For the ideal casss
14
@. = KA, = S Glx> dx
X, :
1Y
@N = KyAy© S Bto dy (s7)

Xn
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Which is the frmulism of tﬁe Trice Method; however, in this case
the trno eross sections Lave been used, and the assumptions regarding
" the spectrum Lave been less constraining, ]
Geperal Equations in Gay Space. The polynomial used in energy
space was selected almost arbitrarily; however, scme types of polyncials
should be better .than others when applied to the neutron spectra prcblsm,
A theoretical method ‘of selecting a "best® polynomial is not known by
the author; how.ever. a polynomial in gay space seems to have some advane

tages. Let such a polynomial be represented by the followings

Pl = a, s 0, + a8+ oo 4, g% (s8)

As in energy space, only the & will be non-zero if the real spec-
trun 4s a fission ‘spectrum; however, in gay space the anticipated spss~
trum is more properly weighied, for the flux-spectrum .assumes more
importance at low energies than at high omnes,

A practical advantage in using the polynomial method in gay space
is that the calculations are greatly simplified. The loss of the
¢°(E) weighting factor, particularly in the integration vector, is.
responsible for this simplification.

The procedure for using gay rather than energy in thé polynomial

calculations is the same as btofore, with one exception -« ¢a (E) is

no longer used.
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An example of this change follows:

10 Lo
A; = ‘Zog G dg + a,g g Glg)dgd + <.
o o {59)
1.0
Cy = g e, () dy (60)
]

The integration vector, J, becomes ths following:

(F) = (8 8a 87 - 8'w) (60
(This can be simply calculated by hand for many velues of ge)
oL Once the cross sections as a functica of gay' are computed, the
remainder of the calculation can be made in a simple mamner. In zal-
culating the cross sections, care must be taken with materials hav‘ing
higheenergy thresholds, for the g;xy intervals, as compared with those
of energy, are very small in the high ezergy region.

By forming a matrix of the best G)(G)'l veétors, the happy flux
i3 obtaiped, as before, by multiplication with the éctivity matrix.
The happy flux can be easily transformed to energy flux by simple
c-onv-ersion'of gay to er;ergy. for the following quality is true by
dof initions

- Fw : § (=), | | (62)

where g and E correspond.
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This method has not yet been tested using materials having suffi-

cifent independency in their cross sectional derivatives., It has beea
found that very poor results will be obtained if two of the cross sec-
tional derivatives are quite dependent; i.e., sulfur-32 amd phosphor-3l,
(The §(g) matrix becomes very poorly conditioned,)
Application to Resonance Type Datectors

In the resonance region it seexs plausibdle that a polynomial in -

lethargy could be used, A possible polynomial is the following:

Pluy = 2, + o, + @ u* + oo 2., o™’ (63)
Using the procedures described in the previous subsection, a
watrix equation for the Ai's can be fqund'.
(@ =@ : (6w)
The Ai's calculated in the forezoing manper are the coefficients
of the lethargy flux polynomial; hence, in theory the lethargy flux
becomes known for all lethargies. Practically, this is probably x;ot
true, for the polynomial will most likely represent the true lethargy
flux at N lethargies only.
Each of the N lethargies should be selected by the same method as
described previously for the threshold type foils., Once thse proper
(,bj's are determined, the approximate lethargy flux throughout the

1/E interval can be obtained by constructing a smooth curve through

the ch points,
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VII, Numerical Results of Test Case

Using Polynomial Method in
Epergy Space

As an indicator of usefulness for practical work, a test case for
the polynomial method is presented in this section,
The test is made using the following spectra:

1. ¢(E) 2..0715 per Mev for all E less than 14 Mev,

¢(E) = 0 for all E greater than 1 Mev, (3)
2. ¢(E) = .38/E per Mev for E greater than 1 Mev and less
than m Mev.
d)(E) = .38 per lev for E greater than 0 Mev and less'
. than ) Mev. ‘ .
@G (E) 2 0 for E greater than 14 Mev, (7)
Je gb(E) = ,0102(14-E) 1;er Mev for E greater than 0 Merv

and less than 14 Mev, .
0 for E greater than ll Mev, . (r0)

¢ (B)
he (B

.u5ue‘E/'965 sinh m per Mev for all E,

(The California fission spectrum.)

The materials and specific reactions used are as followss
%37 (n,0) —- @

u238 (n,£) — 0

55
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§2(n,p)PR —. S
51%8(a,p)0128 — ¢
A1%T(n,4)Na28 —s o
These materials are the most independent of the group of seven -
found in Appendix B,
The (C) matrix, as calculated by the Wright Air Development Center

Univac~1103, is as followss

1178.6 289,18 103,15 1;9.7-27 130,021
292,28 88.390 32.836 15,051 -8.3735
64.551 26,782 ‘12,689 6.8942 - .286}4
4.5385 3.3009 2.491 1.9579 1.6059
38225 35128 3.3 - <3211 «31925
The inverse (C) matrix, (C)-l, is as followss
.009345 - ,05221 «09593 - 24460 4400
- 09481 6725 21,551 £.090 -8.167
+03085 ~2.464 6.658 -20.11 47.37
- 3889 3.315 -9.802 34.85 -94.07

1640 -1.453 4.538 -18.38 57435
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(J) (G)'1 vectars for several energies are as followss

BE

=48
o7
.8

1.2
*1,)
1.6

32,8

300

50
5.2
*5.1

8.0
8.2
*8.h

selection method used is described on page 0.

30
7.569x101
6.001x10~0

4.633x10°4

1.011x10°%
7.999x10"6
<}4.313x10~5

-2.252::10-6
1.327x10"5

2.177::10‘5

1.669x10-5
1.193x10-5

-3.898x10-6
-3.033x10~6
-2.131x10~6

Jc,

-6.979x105
5.755x20"k
1.089x10~3

24025x10"2
2,008x10~3
1.800x10~3

«1.413x1070
"'3 . 259 x.'..O"h

~2.43x10"b
<1.828x10-l
~1.278x10~Y

3.923x10-5
3,015x2.0-5
2.082x310-5

%,

-3.868x10~4
-2.127xi0-3

-1 [ ’-110210'3
~6.072x1071
L.275x10°1

L.571x20™3
4.605x10~3

1.092x1073
7.899x10-4
5.302x30~4

-1.572x10°1
-1.108x10~8
«7.411x10~5

iy

-2.561x10~3
-9 ') 55 2110-!‘
8.268x10~1

1.822x10™3
7.821x10"1
«5.657x10~1

-2,732x10-3
«2,836x10~3

6.746x10~3
6.821x10~3
6.752x10">

9.354x10~k
5.685x10~1
2.L01x30-l

The starred notation 4indicates the best vectors to use.

S7

Jc
S

am—

~3.398x10"3
°5 . 732335-0'.3
~5.955x10">

~).582x10=3
~2.152x103

1.621x30°3

2.031x1073
~2,753x10°%

~1.077x10~2
<9.690x10"3
'8 o 35 m0-3

9.1493x10"3
9.983x10~3
1.033x10~2

The

It should be noted

that certain dependencies and poor selections of energy values exist.

The best vectors are summarized ty the followings
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o6 Mov € By £ 65 Mev.
1.4 Mev € Ey < 1.5 Mev.
2.1 Mev < 33 < 3,0 Me7, dependencs with U-238 and S2-28 is
3rdicateds
S.ly Mev < Ej, lack of evidsnce regarding dependsnce (skould find
dependsncs with S-32).
8.4y Mav ¢ Es; ezzin with lack of evidence regarding depsrdsncse
The notation used abowve indicates the ens=gy range in which tka
best Ej should be founde. ';'he vectors can bz cptimizad by performizg
further calculations withiz the enexgy intérvals. It is ncted that ttse
Eh and ES guesses were quite in.error. |
As an aild in visualizing the qualitative differences between its
vectors, the vectors can be multiplied ty the first row cf the (C)
matrix (this generates the flux equaticn for a mormalized flssion spas=

trum). The following wvector array has besn computed in this marnsr.

E (Mev) (@ ©)1 (n)
» 06 0890 6002 “.025 "00116 -.00130
oT . . 705 158 ) ~e072 =,0025 i «, 00219
1.2 A9 W81 =e093h ,00825  -.0C17S
* 1. ,009L2 588 -.0388 .0035% s OS5

1.6 =0508 +E26 <0277 «,00256 - 000616




B (7))

.6
o7

1.2

a

1.4
1.6

é (E) calculated

832
«796

+623

559
«500

«s01235
"00083‘3

+0304
+0308
«0306

-00L2Y

- +00108

59

Neeary(.

~+000105

-~ 002312
«.0037
«,00319

0362
.C0381
-0039Ls

's can be selected (the

CNEe9
E (mev) (3 (©) (1)
* 2.8 ".00268 -.0)421 0296
300 00156 50095 0297
S.0 +0255 =071 +0704
5.2 «C196 -+0531 +0510
* 5 Rosinl ~.0371 0342
800 -000).557 .Ollhs -.0095
8.2 ~.00356 »0088 «s00715
* Boh -.00251 000606 "0001379
» From the preceding array, the best E j
starred values). .
By taking the sum of the elements in each row, the fission spec-
trum integral flux for the particular BJ's can be founde The resulis
¢ of this addition are as followss

$(E) true

.835

799

625
560
.501
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B (Mer) & (B) calculated 3(E) trw
2.8 «240 0239

3.0 «209 0209

5.0 00513 00515

502 . .OM oOMlh

St .0386 #0383

8.0 .0052) 00521

802 00021)-[6 00014115

8.4 +00378 ' 00379

It 13 believed that the results can be considered as satisfactorye

Figures 10 and 11 are the graphical results of the test calculation
mentioned earlier in this section. The activities used were numerically
calculated by using the test spectrum and the true cress sections. The
() ()~ vectors used were these corresponding to B

J
2.8, 5.4, 2nd 8.4 Mev. Worse results were expected from the 5.4 and

's of 016, loh,

8.4 Mev calculations than what actually occurred.
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VIII. Conzlusiors

Several metheds Z:r citaizing nsutzcn fIux-specira information
have been presented. Trne simrlest of theze i3 the Trios Methad;
however, this methcd £s also the mest inaczswrate. Whers the Trico'
fast~-neutron methed gives resuts aszurats to * 204 Lo varions spece
tra, the pelynomial me<hod in exexzy spaze -eduzes this errcr to * 108
even when the polyncmial integrai matrix is nct cptimized. (Sse the
Trice method and poly=cmial test case rezultz.) The poiynomial methed,
optimized in gay spaze, shculd givs evan bettes rssults. On the other
hand, if the availabZe crecss sestizns are nst sultadly orthogezai,

the Trice methods ars +tks nost useable.

The most diffiscii meikod to werk withk is the polygonal methed,
for EJ selections must be mads tefors the {C) matrir can be zalculatsd.
It is hoped thz%t the resuits of the ‘pelynomial cptimizatica’ caa

be published in the zzar fuilure.

63



GNB-9 64
Bibli:gzaghz

1. Cranberg, L. "Fissioc Neutrcn Spectrum of U-235.% Physical
Review, 1033 662-870 (2 Avgust 1956). - "

2. Goldstein, N., et 81. Argerne National Laboratory Qua.rter_z
Re E!t e C.F-BS 7“0 -946.

3. Hughes, D. J. ard J.A. Harvey.Neutron Cross Sesticn:e BNL 325,
Washingtons GPO, 1955.

4% Hughes, D. J. Pila Nautron Researcn. Cambridge; Mzss: Addisor-
Wesley Publishing Coes 1953e

S+ Hurst, Ge S., et ai. Neutren Fimx end Tissus Doss Studiez with
Fission Threshoid Detestora. ORNJ. 267le Secret, Restricted Data.

1954.

6, Hurst, G. S,, €t al. "Techrigues of Measuring Neutren Spast
with Threshold Devsst:rs - Tissus Dose Determinatione® The vaiew
of Scientifis Instzuments. 273 353-256. (Mareh 195€).

" 7. Klema, E. D., ard A. 0, Hanscn; "A Determination of the 532(:-. p)P32
Cross Spction for Neutrens Having Energlies of 1.6 to 5.8 Mev.®
Physical Review, 733 106. (15 January 1948)e

8. Macklin, R. L., and H. S. Pcrerance. "Resonacs Capturs Integrals.®
Proceedings of ths Internaticral Ccnferencze on tha Pearaful Uses of
Atomic Lnergye. 5: T68-101. (1958).

28

9. Marion, J. B., et al. *"Crces Ssction for the 5123(:.p1A1 Reaction.”

Physical Review, 101s 247-249. (1 Jannary 1956).

10, Trice, J. B., et al. A Series of Thermal Epithermal and Fas® Neutrom
Msasurements in n ths MIR. 05'[3-'1.~”’F65-.0-.1;0. Ock Rldgr- X Tenrns Oak

Ridge Naticnal 1 Laboratory. 1955.

11, Trice; J. Bs Fash Neutron Fiux Measuremen!s in E-’S <f the Brook-
haven Graphitve Rea:tor O%'I.—f‘:~>5~7-4.)3. Oak Ridge, Tenn: Oak
Ridge National Eboratory. 1955.

12. Segre, E. G. Exgg&_me'.ta; Nuclear Physizcs. Ngw Ierk: John Wiley

————

Publishing Co. 1953. ¢



GNE-9 65

13. Watt, B. E. Ensrgy Spectrum cZ Neutrons from Fissions Indused by
Therral Newtrorns. LA-718. Lecs Alamos; No M.: Los Aiamos Scien-

‘-{ifi C‘i—a.bo 19’480




GINE-9

Appendix A

The Calculation of First-Collision Energy Absorption from Spectral Data

The first-collision dose rate in a material undergoing irradiation '

can be approximately calculated from the followings

@
-4 Mey
D(f"l) = ——-z E.E'NJ;G:) Qb(E) de T
P

Where: J = (7"%)". A being the mass mumber of the material.
N &,(¢) = macroscopic scattering cross section of the
irradiated zaterial,
E = neutron energy in Mev,
¢ (e) = aifferential neutron flux inm neutrpna/cm2- sec-Mev,
U(g;) = dose contributed by neutrons of energy Rj and
graater,
Knowing ¢(E), the dose rate can be calculateds Under scme
circunstances only values otﬁ(E) dE are avallable, If the
scattering cross. section is ap?sroximately constant, the dose can be

calculated ¢s followss

66
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67
-]
D(E;) = .'; S-: f;(EJ ¢lexde = i—;f £5 f F ¢(c)de
! E" Ej
Integrating by parts with Y=-f, du=dE, dvs derde
£
v=§ geerder :
© oo
0y <t &, fle (- gol] | - § 18-
E. E.
4 4
where: 'Y

)
= g) d
_(Po S;:{JE E

©
= () g’
dle) 'Ss $te

o oo
Cperder = [ deende- | geender - §, - §o
o o

Ve

After eubstitution of limits, the followinz is cbtained:

oo
1-& . :
0(5) = 5 Z, ZEJ $lg;) + SEié(E) Je]
If §(B) 15 ¥rown, the doss rec:ived 4a ery =

energy Intervel czn be
obtained.

For an ensrgy dependent scattering cross s=ztion, the £2lliswing
formula cen be us23:



¢4

D(g) = & {M 500 ¢, - 5,5) 5,4+ Z(e) £ §i5)

) T
d £(¢)
- Sb .;:- [§.-§:E,]JE - Sqfs(f)[é.-§(s)ldez

4

o
wvhers 4t hss Yzen esoumeld thet S $te) de =0
)

The derivatfi-n of the shove 2ormaiz w3s mele 1a the some madmer ge tass

for tha constert srattsring cross eectio,

O = e —

T B T Y



Appeadix B
Campilation of (n,p), (n,d), end (r,£) Cross Sectioms
The following is a tabulstion of cross cectfons fLor sereral thraatiA
and fast-fission type detzctors., I3 merny csszs the cross-szctlons heve

been "smoothed” for reseoms of caleuistione” coavenfencz. The 3)xrzaa of

data are the same a3 thosa 24isted in Table 1.

Key
@ — np237( r,?) :
) : 0y —— u238(n,f)

@ —— P3=.p)se?

oy —— §32(z,p)232 .

S 122700, pwg?T

G —— 5128'{:,1»3&'-2?

0y —— n2 n,d)Na?'h

I p— 6 —— Uaits o= 10”3 barns(mv)
E —— Urits of Mey
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E a, 2 Gy T e ¢ (5]
0.1 0 0 ) 0 0 0 0
0.2 2

0.3 66

0.4 165

0.5 390

0.6 6ko 0

0.7 900 1.5

0.8 1060 3

0.9 1180 n

1.0 1250 15

1.2 1350 46

1.4 1370 150

1.6 100 ko 0 )

1.8 ko0 k9o 5 15

2.0 120 530 10 25

2.2 1450 540 28 50

2.4 1450 550 35 80

2.6 1450 550 50 .80

2.8 1450 60 100 0
3.0 1450 54 130 1
3.é . 1460 7 165 2
3.k ik70  sso 68 220 4



GNE-9

3 o i J ] L Is . i
3.6 1470 550 7 225 6 o o
3.8 1480 80 25 6

4.0 1490 80 230

b2 190 80 260 8

L% 1490 8o 265 10

4.6 1490 8o 265 16

4.8 1460 8o 270 18 o

5.0, 1450 9 275 20 10

5.2 1450 ™ 280 25 1k

5. 1450 9 280 27 é7

5.6 1500 Xp) 285 32 33

5.8 1600 V) 285 36 A

6.0 1700 ™ . 29 W 60

6.2 1800 [ 295 L4 X Y
6.4 1500 ) 295 L8 110 1
6.6 2000 [$) 300 51 LT 3
6.8 2150 ™ 30 55 150 4
Tev 2250 () 305 60 i70 5
7.2 2300 ™~ 310 62 180 7
7.4 2100 9 312 70 190 9
7.6 2450 i) 315 T 190 13
7.8 2500 9 316 6 200 17
8.0 2525 550 8 320 78 210 2
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E & a 6> Gy s o x)
8.2 2550 550 78 222 ™ 22 26
8.4 2550 324 80 22
8.6 2550 3% 37
8.8 2560 320 51
9.2 2600 332 58
9.4 2600 334 67
9.6 336 75
9.8 338 86
J:0.0 3% 93
1 350 110
12 360 110
13 365 120
1L 2600 550 8 370 80 220 110
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Appendix €

The Normalized Watt and California Fission Spectra

The following is a table of ordinates and integrals for two commonly
used uranium «235 fission spectra functions, The functions have been

) iy
norcmalized such that S ¢0 () dE =4 oud S 4’,‘(5) de =1 .
[ o
0
.(I)U(E) = o;83 ¢  simh vZE = The Watt Spectrum L13]

¢¢(E) = o454 e.E/.%s sinh {/2.29E = The University of California

Spectrum [1]

whers: X is the neutron energy in Meve

The Watt Spectrum

E(Mev) ¢ (E) LEJ P (E)E S;: ¢ (E)aE = & (&)
0el 202 M:m.omo )m.‘;aéo
0.2 #267 0377 9623
0e3 <306 #0663 «9337
Ol 330 <0987 »913
0.5 345 1321 8679

73
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‘ _ -
E (Hov) $,(5) § 3o max SE1 $.(E)E = §, (o)
0.6 | o352 #1669 8331
0.7 0355 «2027 7973
0,8 354 2389 «7615
0.9 0351 «2729 727
1.0 o344 3082 6918
1.1 337 3425 08575
1.2 327 3759 ef2i
1.3 0318 . <ol : - 05926
1 307 1383 5617
1.6 284 4983 05017
1.8 260 o5631 <4369
2,0 237 «6028 3972
2.5 284 a3 . 42927

TTTTTa.0 0 38 e 02124
3¢5 025 a6 S LI
o .8 oL ~ .108
45 <0538 L9192 .0808
540 038 2963 | .0537
545 «0272 O W9624 0376

6.0 +0191 <9739 <0261



E (%v) $.(%) §. < ¢ (m1am & (z)
6e5 <0133 921 .0179
7.0 9.31 2109 9876 40124
75 6e13 x 207 -9916 <008
8.0 Bal2 x 1073 <9313 +0057
85 3.04 x 102 +9960 004G
9.0 2,07 x 1072 #9973 0027
945 1.42 x 107 .9982 .0U18
10.0 9.53 x 107 9987 1,21 x 20 2
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endix D

The Derivation of an Activation Identity

It is the purpose of this appendix to derive the following

relationstips

(--]

A= o g

(-]

Yheres ﬁ

.d'ff):

¢(E):
E <

@lE)- =

-

w

S ¢ 52

the activation function,

the activation cross section as a function
o.r energy---threshold type foil,

the differential neutroa flux,

the neutron energy

(-4
S P(e’yde’ =  the integral flux
(4

Integratirz the first integral by parts,

,4—-'6‘(5) [c}to)-?f(e)]’ = S?go)-%(s)] ":f_f’ d's

Yheres f{o}:

S:’4>ts) dE

dle)o 5:4(5') Je’

Noting that $lx)=0, 4ud €)= O,

A= S $ler <L de

Therefore,

S Ple) a(e) de = S $(e) I Je

d

8o
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Appendix B
Activation Shielding with Boron

Ons practical solution to the ol problem discussed on pase 31
may be to cover seach foil with a sufficient quantity of boroa., Boron
has an almost pure 1l/v cross section for activation,

Using a boron covering results in a reduction of the number of
]:ov energy meutrons traversing the foil, Such a situation could be
responsible for improving results, for the apparent d's are increased.

d = activation due t esonance ectio
activation due to 1/v cross section

The activation shielding with boron can be calculated from the

followings .
-} e
- 2'” 0 2t
A = j e F a(e) ¢ley JE
o
=7 P
Vheres e “”°r?l = the boron transmission factor.

£,,.° ¥¢,,., = the boron macroscopic absorption
cross section at 2200 m/sec¢c neutron
velocity,

€ = the peutron energy in ev.

{ = the effective thickness of tke boron
cover. (approximately 2 times the

true thickpess in an isotropic flux).
81
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ale) =

the activation cross section of the

rsscnence detector,

¢{z) = the differential neutron flux,

The above equation can be written as follows:

@
A= g 7(5){(a~-¢m) + c;“} $le) dF

(]

1

[[-- X4

T(Eo)g O, fle)de + g T(e) € ¢ley di
aE

o

joo ev

~ ¢ r(g)S O 96/ + ‘g Tle) € ) dE

(-1 4

Wheres T(E) =

¢ <

a-vcg -

u

¢,

o

the transmission factor previously defined,

tre total activation cross seétion. as a

function of energy, of the resonance detector.

= the resonance cross section, as a function of

ezergy, of the resorance detector.
te value of the transmission factor at

the energy of the resonance,

tte neutron flux per unit lethargy.

It the second integral of the precedirg ejuation 4is nezligidle

compared with the first, an opportunity fcr determining 4& exists. The

second term is made suitadbly smzll by proper slection of t. Thirty

thermal neutron relaxation lengths shculd be sufficient; therefore,

(A
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T should be anproximately .05 inches, To insure that thermal neutron
protection is present, a small thickness of cadnium should be placed

betweon the boron and the detector.
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